Auxin is widely involved in plant growth and development. However, the molecular mechanism on how auxin carries out this work is unclear. In particular, the effect of auxin on pre-mRNA post-transcriptional regulation is mostly unknown. By using a poly(A) tag (PAT) sequencing approach, mRNA alternative polyadenylation (APA) profiles after auxin treatment were revealed. We showed that hundreds of poly(A) site clusters (PACs) are affected by auxin at the transcriptome level, where auxin reduces PAC distribution in 5 0 -untranslated region (UTR), but increases in the 3 0 UTR. APA site usage frequencies of 42 genes were switched by auxin, suggesting that auxin affects the choice of poly(A) sites. Furthermore, poly(A) signal selection was altered after auxin treatment. For example, a mutant of poly(A) signal binding protein CPSF30 showed altered sensitivity to auxin treatment, indicating interactions between auxin and the poly(A) signal recognition machinery. We also found that auxin activity on lateral root development is likely mediated by altered expression of ARF7, ARF19 and IAA14 through poly(A) site switches. Our results shed light on the molecular mechanisms of auxin responses relative to its interactions with mRNA polyadenylation.
INTRODUCTION
In response to internal signals and external stimuli, plants precisely manage their gene expression patterns spatiotemporally. Such process requires many layers of regulatory mechanisms, including mRNA processing. Polyadenylation of mRNA is essential for almost all eukaryotic cells because it plays an important role in mature transcript export to cytoplasm, localization within the cell, and proper recognition by the translational machinery (Millevoi and Vagner, 2010) . The expressed mRNA of genes with more than one poly(A) site may be altered by the choice of alternative poly(A) sites, called alternative polyadenylation (APA). Increasing evidence shows that many plant genes are affected by APA (Xing and Li, 2011) . The consequences of APA are selective inclusion or exclusion of certain sequence information like coding sequences, miRNA targets or stability elements, leading to altered gene expression and, hence, different phenotypes. However, our understanding of the mechanisms affecting alternative poly(A) site selection is just beginning.
Recent reports have revealed that most plant genes have more than two poly(A) sites. The selection of different poly (A) sites could be found in any section of the pre-mRNA. Although APA mostly happens in the 3 0 UTRs, an APA site can be located in the 5 0 UTR, introns or coding exons. This latter case would affect the protein-coding capacity of a given mRNA and/or its stability, localization, or translation efficiency Guo et al., 2016) .
In Arabidopsis, mutants of poly(A) factors have been reported to contribute to many aspects of growth and development, such as flowering time determination, disease immunity, oxidative stress response, or even changes in circadian rhythm (Hunt, 2008; Liu et al., 2014) . The site of N addition of a poly(A) tail, however, is determined by signalling elements located on the pre-mRNA, as well as the polyadenylation-related protein factors that recognize the signals. Large-scale sequencing of polyadenylated transcripts has led to some key understandings about poly(A) signals . In recent decades, the cleavage and polyadenylation specificity factor (CPSF) and its roles in APA have, to some degree, been revealed. APA profile analysis of poly(A) factor mutants revealed significant changes of poly(A) site selections and phenotypes in plant growth and development, albeit at different levels and regions by different mutants, indicative of the roles of poly (A) factors in plant development (Hunt, 2014; Chakrabarti and Hunt, 2015; Kappel et al., 2015; Czesnick and Lenhard, 2016) . Large numbers of studies have shown that plants regulate the usage frequency of different poly(A) sites on certain genes for their proper growth and development. For example, FPA and FCA influence alternative polyadenylation independently on the production of FLC antisense RNA, resulting in decreased FLC mRNA levels and early flowering time (Simpson et al., 2003; Xing et al., 2008; Hornyik et al., 2010; Liu et al., 2010) . Seed dormancy is impacted by APA of DOG1 in Arabidopsis (Cyrek et al., 2016) . To form correct patterns of tissues in multicellular organisms, individual cells have to coordinate their behaviour by means of small signalling molecules like hormones. Auxin was detected in almost all branches of the green lineage in the tree of life, and it has been demonstrated that all land plants respond in dramatic ways to auxin application (Cooke et al., 2002) . In higher plants, auxin acts upon many aspects of plant growth and development, including embryo patterning, root and shoot development, vascular differentiation and response to environmental stimuli (Vanneste and Friml, 2009; Hazak et al., 2010) .
It has been reported that auxin is synthesized mainly in the shoot apex and young leaves through tryptophandependent and -independent pathways (Ljung et al., 2001) . As one of the natural auxin moieties, indole-3-acetic acid (IAA) conjugates have been shown as a widespread process to control free IAA levels in plants (Ludwig-Muller, 2011) . Auxin gradients can prolong or shorten the distinct phases of proliferation and differentiation, and auxin carriers are essential for these processes (Blilou et al., 2005; Grieneisen et al., 2007) . Many auxin transporters have already been characterized. For example, while AUX1/LIKE AUXINPERMEASE (AUX1/LAX) proteins are involved in auxin influx (Bennett et al., 1996; Casimiro et al., 2001) , the PIN-FORMED (PIN) proteins (Feraru and Friml, 2008) and several proteins of the ABCB transporter family (Ruzicka et al., 2010) are known to be involved in auxin efflux. Auxin is recognized by the TIR1/AFBs nuclear receptors (Dharmasiri et al., 2005; Kepinski and Leyser, 2005) which then target the Aux/IAAs repressors for their ubiquitination and subsequent degradation by proteasome (Tiwari et al., 2001 (Tiwari et al., , 2004 . This action releases auxin response factors, ARFs, and allows them to activate/repress downstream genes by binding to the auxin responsive elements (AuxREs) in their promoter regions (Ulmasov et al., 1997) . Twenty-three of the 29 Arabidopsis Aux/IAA proteins contain four conserved domains as canonical members (Gray et al., 2001; Reed, 2001 ) to regulate 23 ARFs in a synergistic or antagonistic manner (Krogan and Berleth, 2015) . For example, recent studies revealed part of the underlying molecular mechanism during lateral root development. Specifically, auxin promotes repressor IAA14 protein degradation and the release of ARF7 and ARF19 to activate downstream lateral organ boundaries-domain 16/29 (LBD16/29) expression, for the regulation of lateral root growth and development (Fukaki and Tasaka, 2009) .
Even though it has been established that auxin and polyadenylation both widely affect plant growth and development, studies that have reported on the role auxin plays in this post-transcriptional process are few in number. Therefore, to unravel the molecular mechanisms underlying this association, we used a poly(A) tag sequencing (PAT-seq) approach, and polyadenylation profiles with or without auxin treatment were obtained. Thus, we were able to demonstrate the significant effects of auxin on the post-transcriptional polyadenylation process. In fact, hundreds of poly(A) site clusters (PACs) are impacted by auxin. Auxin seems to prefer functional mRNA with a lower percentage of PATs in 5 0 UTR and increased 3 0 UTR distribution of PACs. This study also sheds light on auxin's role on lateral root development.
RESULTS

Genome-wide difference of poly(A) tags and clusters after auxin treatment
Both alternative polyadenylation and auxin response are widely involved in the regulation of plant growth and development. We propose that there is a possible relationship between these two processes. To test this hypothesis, we carried out studies to determine the impact of auxin on APA of related genes, using the PAT-seq approach (Liu et al., 2014) . To accomplish this, wild type seeds were planted on half-strength Murashige and Skoog (MS) medium with or without 0.1 lM IAA for 7 days. Whole seedlings were collected in triplicates. In total, six PAT-seq libraries were constructed and sequenced using the Illumina HiSeq 2500 platform.
To study the function of exogenous auxin on poly(A) site choices in vivo, genome-wide distributions of poly(A) sites were determined. First, low-quality reads were discarded from the raw data, and the remaining clean reads were mapped to the most recent Arabidopsis thaliana reference genome (TAIR10) by Bowtie2 (Langmead and Salzberg, 2012) . Then we removed the potential internal priming candidates and eliminated tags that mapped to chloroplast and mitochondrial genomes (Loke et al., 2005; Wu et al., 2011) , resulting in a total of 27 389 152 individual PATs (Table S1 ). As expected and consistent with previously published studies, most PATs were predominantly situated in the 3 0 UTR of protein-coding genes Liu et al., 2014) , while remaining PATs were located in exons, introns, intergenic regions or 5 0 UTR. It is interesting to find that auxin treatment reduced the ratio of distribution in 5 0 UTR, while no significant difference was observed in other regions (Figure 1(a) ), indicating varied poly(A) site usage in the 5 0 UTR.
To further explore the consequences of the auxin treatment, those PATs were clustered to PACs, as defined by adjacent poly(A) sites located within 24 nucleotides in one gene based on ubiquitous poly(A) site microheterogeneity in plants . More than 115 426 PACs were identified with an average of 59 PATs per PAC, and they were distributed among 22 874 genes. Among these, the relative proportion of genes with more than 2 PACs (thus defined as APA genes) was increased in the auxin treatment group. For example, 21.1% of genes had more than two poly(A) sites after auxin treatment, while only 17.5% was found in the control group (Figure 1(b) ).
Differential expression of PACs in response to auxin
After analysis of the positions and read number of PACs, a strategy similar to that described previously was used to study the usage of each individual poly (A) site upon auxin treatment. To identify and correct technical biases due to sequencing process, making counts comparable, all the samples were subjected to DESeq2 for normalization. The number of PATs for each individual PAC is reflective of the relative expression level or frequency of utilization of this transcript in different samples.
PAT ratio of differentially expressed PACs (De-PAC) revealed that the responses to exogenous auxin differ among PACs. In total, 665 De-PACs (544 up-regulated and 121 down-regulated in the auxin group) were identified (|log2FoldChange| > 1.5 and P-adjust < 0.05) (Figure 2(a) and Table S2 ). The average PATs number per PAC of upregulated PACs was 126 in control group to 372 under auxin treatment, while 765 to 352 of down-regulated PACs. A PAC that only expressed in one context or that had significantly higher expression level (32-fold) compared with another sample was defined as a specifically expressed PAC. Among those De-PACs, 16 were auxin-specific PACs, while only one of the down-regulated PACs was specifically expressed in the control.
Then we investigated the genome-wide distribution of the PACs. It is interesting to find that De-PACs were more likely to be situated in 3 0 UTRs. About 90% of the De-PACs fell within annotated 3 0 UTRs, compared with 70% of the total PACs, but the proportion of PACs in other regions was reduced (Figure 2(b) ).
To further understand the functions of De-PACs, we performed Gene Ontology (GO) analysis of up-regulated and down-regulated PACs. Molecular function, biological process and cellular component were evaluated, but only the top 10 most significant terms are shown in each classification. GO enrichment showed that up-regulated PACs were enriched in biological processes, including, for example, single root morphogenesis, trichoblast differentiation and maturation, epidermal differentiation, and response to starvation. Conversely, the down-regulated PACs played important roles in biological processes and cellular components, for example, non-coding RNA and rRNA metabolic processes, biosynthesis and metabolism of isopentenyl diphosphate, plant membrane and thylakoid system (Figure 2(c, d) ). It was interesting to find that pathways involved in formation of plastid were significantly enriched in down-regulated PACs, such as 'IDP metabolic process', 'IDP biosynthetic process', MEP pathway', 'G3P metabolic process', 'plastid nucleoid', 'plastid thylakoid' and 'plastid thylakoid membrane'. IDP, MEP and G3P are important in plastid development (Rossi et al., 2017) . Our results are consistent with previously reported inhibition of plastid development by auxin (Feierabend, 1970) . Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed that De-PAC genes were significantly enriched to different pathways in response to auxin in Arabidopsis. Six pathways were overrepresented in auxin-induced PACs, including plant hormone signal transduction, phenylpropanoid biosynthesis, glycerolipid metabolism, taurine and hypotaurine metabolism, amino sugar and nucleotide sugar metabolism and tryptophan metabolism, while three pathways, including porphyrin and chlorophyll metabolism, photosynthesis and phenylpropanoid biosynthesis, were enriched in auxin-repressed datasets (Figure 2 (e)). Taurine and hypotaurine contents in plants are at low levels (Kataoka and Ohnishi, 1986) , and have a stimulatory effect on plant growth (Hao et al., 2004) . However, the metabolic pathway and molecular mechanism for taurine and hypotaurine are not very clear in plants. Our data show that genes involved in taurine and hypotaurine metabolism are affected by auxin, which might help the study of taurine and hypotaurine in plants.
APA of key genes in auxin response pathways
Auxin acts upon many aspects of plant growth and development. Plants respond to auxin in three ways: protein-transporter-mediated asymmetric transport, auxin biosynthesis and metabolism, and downstream molecular components for signalling transduction. Here we investigated the polyadenylation levels of critical genes (Table S3) we checked the number of auxin efflux carrier PINs and ABCBs, as well as auxin influx carrier AUX1/LAXs, of polar auxin transport; genes involved in auxin biosynthesis and IAA-amino acid conjugates; auxin receptors and downstream Aux/IAA repressor family and auxin response factor (ARF) family. Some of these did not show any PAT in our dataset. This did not mean that transcripts of these genes were not polyadenylated, but rather, that they might not have been expressed in our experimental conditions or the expression level was too low to be detected. In total, 47.7% of expressed genes have APA scattered among all three groups, indicating that APA was involved in auxin regulation of plant growth and development (Figure 3) .
Considering the importance of auxin in the life cycle of plants, we asked if broader links could be found between APA and auxin pathways. Among 92 detected genes of the auxin pathway (Table S3) , PACs of 21 genes were affected by continuous auxin treatment.
Change of poly(A) signal usage with auxin treatment
Previous studies have reported that poly(A) sites are determined by polyadenylation signals (Loke et al., 2005) . Classical plant poly(A) signals contain a Far Upstream Element (FUE, in the range of À120 to À35 nt where the poly(A) site is defined as À1 nt position), a Near Upstream Element (NUE, À35 to À10 nt) and a Cleavage Element (CE, À10 to +40 nt) (Loke et al., 2005) . To understand how poly(A) site is chosen, a characterization of the single nucleotide profile surrounding poly(A) sites ranging from À300 to +100 nt was studied. Representative profiles of total PACs and DePACs are shown in Figure 4(a,b) . From these figures, it can be seen that the trend of nucleotide profiles around PACs is similar between auxin treatment and the control group. The usage frequency of the four nucleotides was U > A > G > C in the FUE region. However, the proportion of U usage reached 45% in De-PACs, which is higher than 40% among total PACs. In contrast, less A was used in De-PACs compared with total PACs in that region. This result indicated that auxin treatment led to a change of preference toward U and fewer A-rich poly(A) signals in this region.
Detection of regulatory motif in candidate sequences was essential for understanding the regulation of a particular gene and the mechanisms involved. Therefore, we performed a publicly available tool for motif detection, the MEME Suite (Machanick and Bailey, 2011) . Sequences from À35 to À10 nt before poly(A) sites were submitted to MEME for detection of conserved motifs with a maximum length of 25 nt. As shown in Figure 4 (c,d), motif in DePACs displayed a signal that is more U-rich and less A-rich at the left part of NUE, which was consistent with previous single nucleotide profile analysis results. Unexpectedly, we found a signal more U-and A-rich at the right-hand part of NUE compared with that of the control group, which is not particularly apparent in the single nucleotide profile (Figure 4(a,b) ). This might be due to that MEME Suite showed the most likely motif used in poly(A) recognition, while the single nucleotide profile indicated average usage level of AUCG around poly(A) sites.
The selection of a poly(A) site depends on the recognition of poly(A) signals by polyadenylation factors (Hunt et al., , 2012 . To determine if any poly(A) factors were involved in the regulation of auxin on downstream gene expression, we studied the effect of auxin on the expression levels of those expressed polyadenylation factors. To our surprise, we did not find any expressional difference in any tested factors, including CPSF, cleavage stimulation factor (CstF) in our PAT-seq dataset, cleavage factors I and II (CFI and CFII) and other factors involved in the mRNA polyadenylation process (Figure S1(a) ), which was further testified by qRT-PCR for several key poly(A) factors (Figure S1(b) ), indicating that auxin affected gene polyadenylation without changing the expression levels of poly(A) factors.
Exogenous auxin causes poly(A) site switching
The usage ratio of two or more APA sites plays a very important role in gene expression regulation. APA site switching is defined as two or more poly(A) sites of a gene that change their usage frequency under different conditions. For this reason, we investigated the potential functions of different isoforms by calculating the incidence of poly(A) site switching under auxin treatment ( Figure 5 ). There are 42 genes that have their APA sites switched, suggesting that auxin might affect the choice of different poly (A) sites in certain genes.
We further analyzed the upstream sequences (300 nt) of PACs with up-or down-regulated poly(A) site usages, and found one conserved motif in each group with statistically significance ( Figure 5(c,d) ). However, these motifs are different from that of current poly(A) signals recognized by poly(A) factors, such as AAUAAA (Mogen et al., 1990) .
Potential functions of these genes warrant further investigation. An important role of auxin is its involvement in root architecture formation, including primary root growth and lateral root initiation. Auxin regulates root development by affecting the expression level and the protein-protein interaction of repressor IAA14 and downstream transcriptional factors ARF7 and ARF19 (Fukaki et al., 2005) . In our dataset, it was interesting to find that the transcripts of these three genes were subjected to APA as switch genes ( Figure 5 and Table S4 ).
To confirm the APA profiles of ARF7, ARF19 and IAA14, we designed primers to amplify the 3 0 -end of their short and long transcript isoforms by 3 0 RACE (rapid amplification of 3 0 cDNA ends) and sequenced the products by Sanger methods. As shown in Figure 6 (a), APA produces two major isoforms of ARF7 and ARF19 that differ by the length of their 3 0 UTR. The distal poly(A) site of IAA14 was also in the 3 0 UTR for a full-length transcript, while the proximal site was in the first intron leading to the production of a truncated protein without domain II that functions in inhibiting downstream factors (Dreher et al., 2006) .
We further confirmed APA site switching by performing reverse transcription and quantitative real-time PCR (qRT-PCR) using primers that amplify a common region (PA1 + PA2) and the longer transcripts (PA2) of ARF7, ARF19 and IAA14. [ARF7 was not listed in Figure 5 (b) because the change of its poly(A) site usage frequency was lower than 10% threshold used to screen the genes on the list.] Primers recognizing sequence upstream of the proximal poly(A) sites would detect both short and long transcripts. Thus, when showing quantitative results in the figure, we consider the expression level of the distal transcript as a part of the proximal one. The increase in ARF7 and ARF19 expression were mainly associated with the changed usage of one poly(A) site instead of both sites (Figure 6(b) ). The distal polyadenylation of IAA14 was increased, leading to the production of a fully functional RNA isoform, while the proximal polyadenylation was (Figure 6(b) ). The qRT-PCR results showed a change in the long/short transcript ratio of ARF19, which matched results from the PAT-seq high-throughput sequencing data ( Figure 5 ). These results suggested that auxin mediated lateral root development through the APA of ARF7 and ARF19 and that a negative feedback was present on the full-length transcript of IAA14 since it was a repressor of auxin response.
It has been reported that the primary root length of polyadenylation factor CPSF30 mutant oxt6 was significantly reduced when grown on medium containing indoleacetic acid (IAA, an auxin) and that this mutant possesses fewer lateral roots (Liu et al., 2014) . We wondered if the lateral root formation of oxt6 would be affected by auxin. To address this, we counted the visible lateral root formation of oxt6 by applying 0.05 lM auxin (Figure 6(c,d) ). The results show that the oxt6 mutant displayed a reduced lateral root formation compared with the wild type (Figure 6(c) ) and that oxt6 was more sensitive to exogenous IAA treatment (Figure 6(d) ). To further investigate how CPSF30 worked in lateral root regulation, an additional experiment to detect PAS usage in oxt6 was performed by qRT-PCR. The results showed that in the absence of auxin, the expression of ARF7 and ARF19 was lower in oxt6 than in wild type (WT), which might be one of the reasons for less lateral root in oxt6 (Figure 6(b) ). In the presence of exogenous IAA, increased expression of ARF7 and ARF19 were much more dramatically in oxt6 than WT (Figure 6(b) ). However, the usage change of poly(A) sites in ARF19 in oxt6 was smaller than in WT, further indicating the role of CPSF30 in auxin regulation of lateral root growth and development, at least in part, through ARF19.
DISCUSSION
In higher plants, auxin acts upon many aspects of plant growth and development. Among all those pathways, while the molecular mechanisms of some are known, others remain most ambiguous. However, previous reports about the functions of auxin are mainly limited to the expression of downstream genes. In this study, we demonstrated the function of auxin on modulating polyadenylation of transcripts, uncovering a previously unknown role of auxin in post-transcriptional regulation.
APA is an important hub of gene expression through modulating transcripts during processing. The usage of different poly(A) sites extensively influences the coding and regulatory potentials of mRNAs. Although significant and extensive phenomena have been described, the precise signalling involved in differential poly(A) site selection remained to be studied. By using the poly(A) tag sequencing approach, we investigated genome-wide 3 0 -end polyadenylation in response to exogenous auxin. After mapping to the most recent Arabidopsis thaliana reference genome, we found that the distribution of PATs in 5 0 UTR of the auxin treatment group was less than that in the control group (Figure 1(a) ). This result suggested that auxin prefers functional mRNA, while the poly(A) site located in 5 0 UTR leads to an extremely short mRNA isoform, which may not be translated into any protein.
The increased distribution ratio of De-PACs in 3
0 UTR with full-length transcript further supports this conclusion (Figure 2(b) ).
Supplementing previous knowledge that links auxin to gene expression, our data show that hundreds of PACs are affected by auxin treatment (Figure 2(b) ). GO and KEGG analyses illustrated significant effects of continuous exogenous auxin treatment on various aspects of Arabidopsis seedling growth and development though regulation of the post-transcriptional polyadenylation process (Figure 2(c-e) ). In addition, among these De-PACs, the usage frequency of APA sites on 42 genes was switched by auxin ( Figure 5 ), suggesting that auxin affects the choice of polyadenylation sites in certain genes. However, the mechanism of selecting these target genes is beyond the scope of the present work and will be the subject of future investigation.
Pre-mRNA cleavage and addition of poly(A) tail need recognition of cis-elements in the pre-mRNA sequences by CPSFs (Bruggeman et al., 2014; Chakrabarti and Hunt, 2015) . The position-by-position variations from the relative nucleotide compositions surrounding these sites showed that sequences surrounding total PACs and De-PACs are very different (Figure 3(a,b) ). For example, the front part of the NUE was higher in U, but lower in A, while the signal of the rear part was higher in both A and U, as detected by MEME motif (Figure 3(c,d) ), indicating a recognition of variable cis-elements affected by auxin. However, the expression levels of all known key polyadenylation factors were unaffected by auxin treatments (Figure S1 ), suggesting that the regulation of auxin on polyadenylation does not result from the transcription of these genes. Although the expression levels of an important polyadenylation factor, CPSF30, was unaffected by auxin ( Figure S1 ), oxt6, the mutant of CPSF30, showed a reduced primary root length and was less sensitive to auxin in primary root elongation (Liu et al., 2014) . Here, we demonstrated that the disruption of CPSF30 caused a defect in lateral root development and that the lateral root number in oxt6 was hypersensitive to auxin (Figure 6(a,b) ). In summary, the cleavage and polyadenylation specificity factor complex, CPSF30 in particular, may mediate auxin regulation of plant growth and development.
Although the effects of auxin have been known for more than a century, in the past decade, major advances have been made on the understanding of molecular mechanisms that regulate auxin polar transport, hormone homeostasis, and signalling transduction. Key genes have been identified in the pathway mentioned above. In the absence of absolute reasoning, many of the phenotypes caused by auxin could be explained intuitively. The mechanism of some responses to auxin remains obscure and needs further investigation. Our study demonstrates that many genes involved in auxin synthesis and metabolism, transport and downstream signalling transduction show the involvement of APA in their transcript processing (Figure 3 and Table S3 ). As an example, the APA of three important members, IAA14, ARF7 and ARF19, was verified and showed different APA site usage frequencies. Longer 3 0 UTR in ARF19 and shorter 3 0 UTR in ARF7 indicate various patterns of auxin regulation in the same gene family. The up-regulated full-length IAA14, rather than a truncated protein just before domain II, suggests a feedback regulation on ARF7 and ARF19, particularly since IAA14 is a repressor of these two transcriptional factors. Thus, our study gains insight into known molecular mechanisms in response to auxin. In this paper, 2 of 42 candidate switching genes (IAA14 and ARF19) and ARF7 were confirmed by 3 0 -RACE and qRT-PCR. All the poly(A) sites sequenced by 3 0 -end cloning was consistent with the results of our datasets.
The expression of different transcripts for ARF19 was switched as expected. The poly(A) site usage of IAA14 was not significantly changed in qRT-PCR (less than 10%) different from result of PAT-seq, although the total expression level of IAA14 in both qRT-PCR and high-throughput sequencing was increased by auxin. These results suggested that our data could be used as a trend prediction for poly(A) site usages and expression levels of different transcripts, but there would be some dissimilitude between praxis and the database, which is a common problem and limitation of high-throughput sequencing, therefore the need for confirmation. Comparison between our PAT-seq data with transcriptome data from many publicly available Arabidopsis profiling experiments was performed. Although some overlapped genes were obtained, there still much difference among all the datasets, which might be due to the significant variety in the time of auxin exposure, auxin treatment concentrations, sequencing methods and analysis standard, as what was pointed out by a previous study (Paponov et al., 2008) .
The read numbers of PACs are determined by dynamic balance between the usage of APA sites and RNA degradation. So, we checked the stability of part of APA isoforms under auxin application by treating plants with 200 lM cordycepin for 2 h. Our qRT-PCR results show that the long transcripts of ARF19 and IAA14 are more stable than their short isoforms ( Figure S2 ), consistent with previous study (de Lorenzo et al., 2017) . There was only a little change when we compared the stability of tested mRNA treated with or without auxin ( Figure S2 ), indicating that the main reason for switch genes was the differential usage of poly(A) site. Furthermore, mRNA stability could also be one of the possible pathways for auxin effect on APA.
In fact, we also generate PAT-seq libraries and sequenced samples with a time course of 1 h, and 1 day (along with 0 h and 7 days presented in this paper) of auxin treatment, finding that there was not a great difference after shortterm treatment, with only 3 and 51 De-PACs for 1 h and 1 day treatments, respectively (Table S2 ). This result indicated that the major influence of auxin of APA was a longterm effect rather than a directly interaction between auxin signalling gene with poly(A) factors. The phenotypes we used as examples herein were associated with continuous auxin treatment, such as lateral root growth and flowering time control, consistent with our long-term treatment data.
Collectively, data presented herein enhance our knowledge of auxin function in the processes of post-transcriptional regulation. This study also provides evidence linking auxin, a molecular signal, to APA in regulating plant growth and development. As the expression levels of polyadenylation factors are unaffected by auxin, further investigation is necessary to unravel how this process is achieved. The role of auxin in regulating mRNA modification and maturation could also be informed by additional investigation of the post-transcriptional process.
EXPERIMENTAL PROCEDURES Plant material, growth conditions and chemical treatments
Arabidopsis thaliana ecotype Columbia (Col-0, CS60000) was used as WT. Seeds were surface-sterilized for 5 min in 5% commercial kitchen bleach, washed three times with sterile water, and plated on half-strength MS medium (pH 5.8, 1% sucrose and 1% agar) with or without IAA. Plants were stratified at 4°C for 3 days in the dark and then transferred to a phytotron set at 23°C under light intensity of 80 mM photons m À2 s À1 in vertically oriented Petri dishes. Photoperiod was 16 h light/8 h dark, unless otherwise specified. Seedlings were analyzed 7 days after germination for PAT-seq and qRT-PCR, 10 days for lateral root number, and until flowering for rosette leaves number, respectively. For 1 h and 1 day short-term auxin treatment, seedlings were grown on halfstrength MS medium before being transferred onto "MS with 0.1 lM IAA at the corresponding time points.
RNA extraction
After whole seedlings were collected from the plates, samples were immediately fixed in liquid nitrogen and stored at À80°C until RNA isolation. RNA extraction was performed using MiniB-EST Plant RNA Extraction Kit (TaKaRa Inc., Kusatsu, Japan) according to the instruction manual. RNA concentration and purity were analyzed by NanoDrop 2000 and Agilent Bioanalyzer 2100. Each sample had three biological replicates.
Quantitative real-time PCR
Reverse transcription was carried out with 2 lg DNA-free total RNA using first-strand cDNA synthesis kit (Invitrogen Inc., Carlsbad, CA, USA). Quantitative RT-PCR assay was performed using the CFX96 TM Real-Time PCR Detection System (Bio-Rad, Inc., Hercules, CA, USA) with SYBR green PCR master mix. UBQ1 (AT3G52590) and ACT2 (AT3G18780) were chosen as reference genes by geNorm software (Vandesompele et al., 2002; Czechowski et al., 2005) . Qualitative assessment of target genes was carried out via pairs of primers before proximal poly(A) sites for all the transcripts, while the primers after proximal poly(A) sites only amplify transcripts using distal poly(A) sites. PCR was performed as follows: 3 min at 95°C, followed by 40 cycles of denaturation for 15 sec at 95°C, annealing for 15 sec at 58°C, and extension for 20 sec at 72°C. All experiments were performed with three independent biological replicates and three technical repetitions. The specific primers of those analyzed genes are listed in Table S5 .
PAT-seq library construction and sequencing
Global analysis of poly(A) site choice was profiled using total RNA isolated from 7-day whole seedlings with or without IAA treatment, using a previously described method (Liu et al., 2014) . Briefly, 2 lg DNA-free total RNA from each sample were fragmented in 5 9 first-strand buffer (Invitrogen) at 94°C for 2 min. RNA fragments with poly(A) tails were purified via oligo(dT) 25 magnetic beads, and a 5 0 -end repair was performed using T4 polynucleotide kinase (New England Biolabs). Then a DNA/RNA hybrid adaptor was ligated to the 5 0 -end as an anchor using T4 RNA ligase I (New England BioLabs). The library was generated by reverse transcription with barcoded oligo(dT) primers followed by 18 cycles of PCR amplification with Illumina adapters with Phire II (Thermo Fisher Scientific). The library was run on a 2% agarose gel, and a 300 to 500 nt band was excised and purified by using QIAquick gel extraction kit (Qiagen). The quality of final PAT-seq libraries was tested by Qubit and Agilent Bioanalyzer 2100 before Illumina HiSeq2000 sequencing was performed at Novogen (Beijing, China).
PAT and PAC analyses
The raw data were first filtered by FASTX-Toolkit, and then T-tags at the beginning of the sequence were trimmed by a Perl script. After that, clean reads were mapped to the most recent Arabidopsis thaliana reference genome (currently TAIR10) using Bowtie2, discarding the non-uniquely aligned reads. Internal priming was removed to reduce potential false poly(A) sites (Loke et al., 2005) . Based on the ubiquitous poly(A) site microheterogeneity in plants, adjacent poly(A) sites located within 24 nucleotides of each other in one gene were defined into a poly(A) cluster (PAC) (Vinciguerra and Stutz, 2004) . A series of custom Perl scripts was used as described .
Differential expression analyses
Expression values are normalized by DESeq2 (Love et al., 2014) using the median of the ratio of counts for a sample to the geometric mean of counts over all samples (Anders and Huber, 2010) . Also, the DESeq2 package was used to search for differentially expressed PACs and estimated the variance of expression levels for a set of genomic features (5 0 UTR, intron, exon, 3 0 UTR, intergenic region and ambiguous region) based on read number within the features. The P-values were adjusted using Benjamini-Hochberg multiple testing correction (Ferreira, 2007) . To avoid the uncertainty from low read count, we set a minimal total read count of four raw reads in each group. PACs with lower read counts were excluded from the differentially expressed analyses.
3
0 RACE confirmation 3 0 RACE was performed using the FirstChoice RLM-RACE Kit Protocol (Ambion) according to the manufacturer's instructions. The reaction was started with 1 lg DNA-free total RNA. Multiple PCR products were purified and cloned into the pGEM-T Easy vector (Promega), and individual clones were sequenced. Sequencing results were mapped to Arabidopsis thaliana reference genome (TAIR10) by OMIGA2.0 (Kramer, 2001 ).
Identification of APA site switching genes
To discover the poly(A) site switching genes, genes with at least two PACs were considered, as described before (Wu et al., 2016) . Using R function prop.trend.test to obtain the P-value, the chisquared test for trend in proportions was performed. P-values were adjusted using the Benjamini method with R function p.adjust. The changes on the usage ratio of different transcripts in total expression of each gene were more than 10% respectively, and at least one transcript was DE-PAC.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses
We used the agriGO toolkit for GO enrichment analysis (Du et al., 2010) . Arabidopsis thaliana TAIR10 GO annotation in Biomart database of Ensembl plants was used as a customized reference. The significance level was set at 0.05, and the minimum number of mapping entries was set at 5. KEGG pathway enrichment analysis was performed using the KOBAS 2.0 platform (Xie et al., 2011) . First, we annotated query genes for KEGG genes by using the Entrez ID of all Arabidopsis candidate genes. Enriched pathways of query genes were performed using the hypergeometric test with a False Discovery Rate threshold of 0.05 using the BenjaminiHochberg procedure (Klipper-Aurbach et al., 1995) . The KEGG pathway database was used for identification (Kanehisa, 2002) . Entrez IDs of Arabidopsis genes were obtained from the Biomart of Ensembl Plants (Flicek et al., 2012) . The cluster Profiler package was also used to perform GO and KEGG enrichment analysis and plot (Yu et al., 2012) .
MEME analysis
The Multiple Em for Motif Elicitation for Chromatin Immunoprecipitation (MEME-ChIP) was used in motif enrichment analysis and clustering on large nucleotide datasets of this study (Bailey et al., 2009 (Bailey et al., , 2015 . A Perl script was designed to extract nucleotide sequences from À35 to À10 nt before poly(A) sites into a Fasta format file, centred on selected peaks from reference genome and the sequences were submitted to the website (http://meme-suite. org/tools/meme-chip) to detect conserved motifs with a maximum length of 25 nt.
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